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2) The physiological function of 5a-reductase is the conversion of testosterone into dihydrotestosterone (DHT). As high activities of 5a-reductases were shown in patients with benign prostate hyperplasia [3] [4] [5] and a defect of the type II 5a-reductase gene was associated with male pseudohermaphroditism with a small or absent prostate, 6, 7) it is considered that 5a-reductases play an important role in the development of benign prostate hyperplasia. Thus, TF-505 has been developed as a therapeutic drug for benign prostatic hyperplasia.
We have previously reported the results of tolerability and single-and multiple-dose studies of TF-505 in healthy volunteers. In that study, concentration-effect analysis of TF-505 was also carried out using an indirect response model. However, the modeling was conducted in each group of studies so that the parameters obtained from that model could not reflect those from a population, but a small size of individuals. 8) In the present study, the pharmacokinetic (PK) and pharmacodynamic (PD) data from both single-and multipledose studies were combined to evaluate parameters in the generalized population and retrospective analysis was conducted using mixed-effect modeling (NONMEM). 9) In the process of the modeling, a surrogate marker of the effect of TF-505, an inhibition of plasma DHT levels, tended to increase 4 h after administration of TF-505 in all single-dose studies. In our simulation based on the present model, plasma DHT levels reached to a maximum level in the early evening and declined with time. In addition, there has been reported a circadian rhythm in plasma levels of DHT. 10, 11) Therefore, the present study used the E max model with an extended indirect response model by incorporating a circadian rhythm in order to fit the model to the data.
Population PK-PD studies and modeling are considered useful in drug development for assessment of efficacy/safety in relation to drug plasma concentrations and defining an optimum dosage regimen in the target population. Many population PK-PD analysis studies have been reported during the development of drugs such as an antineoplastic, 12) an anesthetic, 13) a lactate reducing agent, 14) a platelet inhibitor, 15) a thrombin inhibitor, 16) and a 11-b-hydroxysteroid dehydrogenase inhibitor. 17) Although such population approaches in clinical trials are mostly performed on the patient population, some studies were also performed on healthy volunteers in phase I studies. [14] [15] [16] [17] The aim of the present study was to define the population PK-PD model of TF-505 in an early human study. The parameters thus obtained would more reflect population mean than those obtained from the previous study.
MATERIALS AND METHODS

Volunteers and Study Design
Thirty-six healthy male Japanese volunteers participated in this study. They were divided into six study groups, 6 adults males/group. the fifth and sixth groups in the multiple-dose studies. The first group received 25 mg of TF-505. The second group received 50 mg of TF-505. The third and fourth groups consisted of men over 40 years of age. The third group received a single dose of 75 mg of TF-505, and the fourth group received a single dose of 100 mg of TF-505. The fifth group received repeated doses of 12.5 mg of TF-505, and the sixth group was treated with repeated doses of 25 mg of TF-505.
The inclusion criteria were as follows: (1) Males had to be aged Ն20 years at entry into the low single-dose studies (25 and 50 mg of TF-505) and Ն40 years for the high singledose and multiple-dose studies. (2) Body weight had to be withinϮ20% of the ideal body weight which was calculated from the equation {[height (cm)Ϫ100]ϫ0.9}. Smoking was not considered an exclusion criterion. Smoking subjects were directed to stop smoking for 24 h after administration of the test drug, and the subjects could not smoke within a period of 1 h before sampling their blood at 48 and 72 h after the single dose administration. In the multiple-dose studies, smoking was prohibited for 24 h after the 1st and 7th dose. The subjects were also not allowed to take any medication from 1 week before the study to the end of the study and to have drinks containing caffeine, alcohol or grapefruit during hospitalization.
In the single-dose studies, each of the 4 groups of 6 subjects received 25, 50, 75 or 100 mg of TF-505 at 9 a.m. without breakfast. The other 2 groups of 6 subjects received 12.5 and 25 mg of TF-505, respectively, once daily after breakfast at 9 a.m. for 7 d.
The study was conducted at the Clinical Investigation Center of Kitasato University East Hospital following the approval by the Institutional Review Board. All subjects gave their written informed consent to participate in the study.
Blood Sampling Single-dose study: Blood samples were collected for the TF-505 assay at 0, 1, 2, 3, 4, 6, 8, 10, 12, 24, 48 and 72 h, and for the DHT assay at 0, 4, 8, 12, 24, 48 and 72 h after single administration.
Multiple-dose study: Blood samples were collected for the TF-505 assay at 1, 2, 3, 4, 6, 8, 10 and 12 h after drug administration on day 1, and 1, 2, 3, 4, 6, 8, 10, 12, 24, 48 and 72 h after drug administration on day 7. Blood samples were collected for the DHT assay 12 h before and just prior to the administration of the first dose, 12 h after administration during the multiple-dose study, and at 24, 48 and 72 h after the final dose.
Analytical Assay Blood samples were collected and centrifuged at 1500ϫg for 15 min at 4°C. The plasma was separated and stored at Ϫ20°C until analysis.
Plasma concentrations of TF-505 were measured by reversed phase HPLC coupled with ion spray tandem mass spectrometry (LC/MS/MS) at Taiho Pharmaceutical Co., Ltd., as described previously. 18) Intra-and inter-assay coefficients of variation were below 15%. The limit of quantification was set at 1.0 ng ml Ϫ1 . Plasma DHT concentrations were measured by radioimmunoassay as described previously. 19) The limit of quantification was set at 50 pg tube Ϫ1 with intraand inter-assay coefficients of variation below 20 and 25%, respectively. Taking into account the circadian rhythm-related changes in plasma DHT concentrations, 10, 11) values after administration of TF-505 were compared to those at the same times before administration (basal values). Changes in plasma DHT concentrations were expressed as percentages of the basal values.
Pharmacostatistical Models Analysis of data was carried out using the computer software package NONMEM, Version 5, Level 1.1 for nonlinear mixed-effects modeling. 9) Mixed-effect modeling allows the simultaneous analysis of data from multiple individuals while maintaining the correlation of observations for a given individual. Totally, 564 measured points of plasma TF-505 concentration and 264 measured point of plasma DHT concentration for the 36 subjects were employed in the analysis. The concentration data of all individuals were identified for each individual and classified. The first-order method conditional method (FOCE) implemented in NONMEM was used for PK and PK-PD model development. Model selection was based on extended least squares method (the maximum likelihood objective function). The objective function value of NONMEM is approximately c 2 distributed. With 1 degree of freedom, a decrease of 3.84 corresponds to a critical value of aϭ0.05. Intra-and inter-individual variances for all PK and PD parameters were modeled assuming a lognormal distribution. All of PK and PD parameters were assumed linearly independence.
Pharmacokinetic-Pharmacodynamic Model The PK model was estimated using one-or two-compartment model with first-order absorption or Michaelis-Menten type saturable absorption, and first-order elimination.
The base PK-PD structure model consisted of the final PK model and the indirect response model with input inhibition. 20, 21) This choice was based on the mechanism of TF-505 which inhibits synthesis of DHT via an inhibition of testosterone metabolizing enzyme. Additionally, Extension of indirect response model by incorporating a time-dependent periodic function for K in takes into account the chronopharmacologic rhythms. PK parameters were fixed to values estimated from the final PK model. predicted values when first-order absorption was applied to the model. Thus, a two-compartment model with first-order absorption, and first-order elimination was selected as the final PK model for subsequent development of the PK-PD models for TF-505 (Table 2) .
Plotting DHT data against TF-505 concentrations revealed a hysteresis relationship in Fig. 1 . Each step in the building of the population PK-PD model of TF-505 is shown in Table  3 . The indirect PD model was found to describe the data better than the other basic PK-PD models (Eq. 1). (1) where DHT is the response variable, k in is a zero-order rate constant for the onset of decrease in plasma DHT concentrations, C p is the plasma drug concentration, IC 50 is the plasma drug concentration that produces 50% of maximum inhibition achieved at the effect site and I max is the maximum fractional ability of the TF-505 to affect the k in process. k out is a first-order rate constant for the increase in plasma DHT concentrations.
Since the basic indirect PD model was not capturing the early data very well, k in was redefined as follows for circadian rhythm.
where R m is the mean DHT synthesis rate, R amp the amplitude of the DHT synthesis rate, and T z the acrophase time, signifying maximum synthesis rate. This method assumes that T z is less than 24 and R m is less than R amp . Population PK and PK-PD parameters and inter-and intra-individual variability estimated from the final model are summarized in Table 4 
DISCUSSION
Previous studies performed simultaneous PK-PD modeling for TF-505 8) and FK-143, another 5a-reductase inhibitor, in healthy volunteers. 22) In the former study, data from each single-(25, 50, 75 or 100 mg) or multiple-dose (12.5 or 25 mg) group was analyzed individually, and in the latter study all of the data from the single-dose groups (100, 200 and 500 mg) was analyzed together. On the other hand, the present study demonstrated population PK-PD modeling for TF-505 using all of the data from single-and multiple-dose groups. Serum protein binding rates were constant within the ranges of 0.3 to 3 mg/ml of TF-505 in the in vitro study (unpublished data). The C max value for 100 mg dose of TF-505 was shown to be 3.12 mg/ml, which seemed to give a constant protein binding rate. Accordingly, saturation of the protein binding may not be a cause of the saturable AUC and C max , rather this may account for saturation of drug absorption as discussed in the previous study. 8) Hysteresis loops were observed following a single administration of TF-505 (Fig. 1) , where the maximum effect was observed at a time later than T max . These observations might result from the indirect action of TF-505 on suppression of The solid line represent predicted curve based on fixed effect parameters. The broken lines represent 5th percentiles and 95th percentiles of 1000 times simulation by using population PK parameters.
DHT production, rather than from equilibrium delays in the distribution of TF-505 to the effect sites from the circulating blood. 23) This was also supported by previous results of PK and PD analyses using indirect response modeling. 8) Furthermore, circadian rhythm in plasma levels of DHT was reported in healthy men: the peak time of DHT occurred in the early evening. 10, 11) In fact, some of % DHT levels at 4 h were higher concentrations than baseline DHT levels in spite of administration of TF-505 (Fig. 6) . Based on the fitting of final PK-PD model, k in reach to a maximum at 2:00 p.m. and DHT reach to a maximum concentration at 5 p.m. following placebo administration. It thus appears that the basic indirect PD model was not capturing the early data very well. The pattern of DHT in a day was asymmetric and there is the need to convert the observed time pattern, e.g., single cosine into the input rate. 24) Thus, the mechanistic model of TF-505 PK-PD model incorporated a two-compartment model with first-order absorption, first-order elimination and extension of indirect response model by incorporating a circadian rhythm for k in .
Gisleskog et al. reported a validated population PK-PD model of a dual 5a-reductase inhibitor, GI198745, which inhibits not only 5a-reductase type 2 but also type 1 for the turnover of DHT in the single dose study. 25) They used an indirect response model taking into account relative capacity of 5a-reductase isozymes and rates of inhibition of both types of 5a-reductase. In that study, simulations showed that GI198745 can block 5a-reductase type 2 by 80%, whereas type 1 is unaffected, giving a suppression of plasma DHT by 70%. 25) As shown by the in vitro study, inhibitory potency of TF-505 to 5a-reductase type 1 is comparable to that of GI198745; K i values of TF-505 and GI198745 for 5a-reductase type 1 were 13.9 (unpublished data) and 6 nM, 26) respectively. Accordingly, suppression of the plasma DHT levels observed after TF-505 administration was assumed to be mostly attributed by inhibition of 5a-reductase type 2. Thus, it was considered that the present study does not need to take into account the above model proposed by Gisleskog et al. for PK-PD modeling. Less potent inhibitory effect of TF-505 on the plasma DHT levels compared with that of GI198745 might be due to the less affinity of TF-505 to 5a-reductase type 2; K i values of TF-505 and GI198745 for 5a-reductase type 2 were 49.0 (unpublished data) and 7 nM, 26) respectively.
In the results of population PK-PD modeling, lower interindividual variabilities of k out and IC 50 were obtained compared with the previous PK-PD modeling preformed on single and multiple studies. The IC 50 value (1.01 mg/ml, 1973.97 nM) obtained from the present study after applying the unbound fraction (0.04%, 78.96 nM) was close to K i for 5a-reductase type 2 (49.0 nM). This result is consistent with that reported by Gisleskog et al. described above where GI198745, a dual 5a-reductase inhibitor like TF-505, inhibited plasma DHT mainly through the inhibition of 5a-reductase type 2.
25) The k out value (0.221 h
Ϫ1
), reflecting a recovery rate of plasma DHT, obtained from the present study was shown to be almost same as those of other dual 5a-reductase inhibitors, GI198745 (0.393 h Ϫ1 ) and finasteride (0.280 h Ϫ1 ). 25, 27) Therefore, it suggested that extension of indirect response model might be more physiological model than basic indirect response model and the parameters including IC 50 and k out obtained from the present study were considered to be physiologically valid.
Accordingly, the IC 50 value of TF-505 indicates the concentration that causes the maximum effect of the drug. In the previous study, multiple-dosing of TF-505 at 12.5 and 25 mg gave average C max values of 0.97 and 1.60 mg/ml after the 7th dose. 8) Considering the average IC 50 value of 1.01 mg/ml determined in the present study, it was suggested that multipledosing of TF-505 at 25 mg would have a maximal effect on plasma DHT levels. In this study, the maximum effect of TF-505 on the plasma DHT concentration was approximately 50% reduction of the basal value at steady-state of minimum TF-505 plasma concentration (C ss,min ). Figure 6 was shown the maximum effect of TF-505 on DHT concentration reached 12 h after TF-505 administration. The fit value of I max was 0.706 (Table 4) , which suggests that a sufficient range of DHT inhibition was generated by the study to allow meaningful estimation of PD parameters.
It has been thought that PK-PD modeling involving the population approach is valuable through drug development, particularly from the early-phase studies with healthy people, to assess the efficacy and tolerability and to gain information about dosage regimen in the generalized or specific population. 28) Although the early human studies usually consist of small groups, for instance, in the present study 6 people each participated in each parallel dose group of single-and multiple-dose studies, individual person has extensive concentration-time profiles of the administered drug under the wellcontrolled experimental condition. In addition, as TF-505 has a surrogate endpoint to evaluate its pharmacological effect, pharmacodynamic information was also obtained. Thus, PK-PD modeling was performed on the full data sets after combining those small numbers of subjects to get more accurate information of population parameters estimates. In results, a good agreement of population parameters estimates with actual data was observed in the present study (Figs. 4,  5) . As the ages of the participants in this population ranged from 20 to 64 years and older men will be susceptible to prostate hypertrophy, the PK/PD model and parameters obtained in the present study are considered as representative of such populations.
Therefore, it is expected that those model and parameters estimates could be the basis to define possible clinical dosage regimen in patients in the following exploratory clinical studies and compare the potency of drug action with those of other similar drugs in vivo. However, there are some problems in application of those parameters to clinical phases, for possible differences in PK and PD between healthy people and patients and probable differences in present and clinical endpoints to evaluate drug efficacy.
In conclusion, the present study presents a successful population PK-PD model by incorporating a circadian rhythm in the early human study. The population parameters thus obtained could provide useful indicators for the determination of dosage regimens in patient populations and the defined PK/PD model could be applied to such populations.
